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Abstract 39 
 40 
Introduction 41 
Fuel poverty affects up to 35% of European homes, which represents a significant 42 
burden on society and healthcare systems. Draft proofing homes to prevent heat loss, 43 
improved glazing, insulation and heating (energy efficiency measures) can make more 44 
homes more affordable to heat. This has prompted significant investment in energy 45 
efficiency upgrades for around 40% of UK households to reduce the impact of fuel 46 
poverty. Despite some inconsistent evidence, household energy efficiency interventions 47 
can improve cardiovascular and respiratory health outcomes. However, the health 48 
benefits of these interventions have not been fully explored; this is the focus of this study. 49 
Methods 50 
In this cross sectional ecological study, we conducted two sets of analyses at different 51 
spatial resolution to explore population data on housing energy efficiency measures and 52 
hospital admissions at the area-level (counts grouped over a 3-year period). Housing 53 
data were obtained from three data sets covering housing across England (Household 54 
Energy Efficiency Database), Energy Performance Certificate (EPC) and, in the South 55 
West of England, the Devon Home Analytics Portal. These databases provided data 56 
aggregated to Lower Area Super Output Area and postcode level (Home Analytics Portal 57 
only). These datasets provided measures of both state (e.g. EPC ratings) and 58 
intervention (e.g. number of boiler replacements), aggregated spatially and temporally to 59 
enable cross-sectional analyses with health outcome data. Hospital admissions for adult 60 
(over 18 years) asthma, chronic obstructive pulmonary disease (COPD) and 61 
cardiovascular disease (CVD) were obtained from the Hospital Episode Statistics 62 
database for the national (1st April 2011 to 31st March 2014) and Devon, South West of 63 
Modelling energy efficiency with hospital admissions 
 
3 
 
England (1st April 2014 to 31st March 2017) analyses. Descriptive statistics and 64 
regression models were used to describe the associations between small area 65 
household energy efficiency measures and hospital admissions. Three main analyses 66 
were undertaken to investigate the relationships between; 1) household energy efficiency 67 
improvements (i.e. improved glazing, insulation and boiler upgrades); 2) higher levels of 68 
energy efficiency ratings (measured by Energy Performance Certificate ratings); 3) 69 
energy efficiency improvements and ratings (i.e. physical improvements and rating 70 
assessed by the Standard Assessment Procedure) and hospital admissions. 71 
Results 72 
In the national analyses, household energy performance certificate ratings ranged from 73 
37 to 83 (mean 61.98; Standard Deviation 5.24). There were a total of 312,837 74 
emergency admissions for asthma, 587,770 for COPD and 839,416 for CVD. While 75 
analyses for individual energy efficiency metrics (i.e. boiler upgrades, draught proofing, 76 
glazing, loft and wall insulation) were mixed; a unit increase in mean energy performance 77 
rating was associated with increases of around 0.5% in asthma and CVD admissions, 78 
and 1% higher COPD admission rates. Admission rates were also influenced by the type 79 
of dwelling, tenure status (e.g. home owner versus renting), living in a rural area, and 80 
minimum winter temperature.  81 
Discussion 82 
Despite a range of limitations and some mixed and contrasting findings across the 83 
national and local analyses, there was some evidence that areas with more energy 84 
efficiency improvements resulted in higher admission rates for respiratory and 85 
cardiovascular diseases. This builds on existing evidence highlighting the complex 86 
relationships between health and housing. While energy efficiency measures can 87 
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improve health outcomes (especially when targeting those with chronic respiratory 88 
illness), reduced household ventilation rates can impact indoor air quality for example 89 
and increase the risk of diseases such as asthma. Alternatively, these findings could be 90 
due to the ecological study design, reverse causality, or the non-detection of more 91 
vulnerable subpopulations, as well as the targeting of areas with poor housing stock, low 92 
income households, and the lack of “whole house approaches” when retrofitting the 93 
existing housing stock. 94 
Conclusion 95 
To be sustainable, household energy efficiency policies and resulting interventions 96 
must account for whole house approaches (i.e. consideration of the whole house and 97 
occupant lifestyles). These must consider more alternative ‘greener’ and more 98 
sustainable measures, which are capable of accounting for variable lifestyles, as well as 99 
the need for adequate heating and ventilation. Larger natural experiments and more 100 
complex modelling are needed to further investigate the impact of ongoing dramatic 101 
changes in the housing stock and health. 102 
Study implications 103 
This study supports the need for more holistic approaches to delivering healthier 104 
indoor environments, which must consider a dynamic and complex system with multiple 105 
interactions between a range of interrelated factors. These need to consider the drivers 106 
and pressures (e.g. quality of the built environment and resident behaviours) resulting in 107 
environmental exposures and adverse health outcomes. 108 
Highlights 109 
 People living in areas with higher energy efficiency levels experienced 110 
increased risk of being admitted into hospital for asthma, COPD and CVD. 111 
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 Admission rates were also influenced by location/climate, the type of 112 
dwelling, and tenure status. 113 
 The findings suggest there may be need for whole house approaches (i.e. 114 
consideration of the whole house and occupant lifestyles) when retrofitting 115 
the existing housing stock. 116 
Key words 117 
Household energy efficiency, fuel poverty, COPD, asthma and cardiovascular disease 118 
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1.0 Introduction  135 
Mitigating and adapting to climate change represents a major worldwide challenge 136 
(D'Amatoet al. 2015). Failure to respond to the challenge of climate change will have 137 
diverse health and wellbeing consequences, as well as social and political ramifications 138 
(McMichael 2014; ONS 2014; Smithet al. 2014). In the UK, housing represents around 139 
25% of total UK CO2 emissions (Hamiltonet al. 2015) and represents a considerable 140 
public health concern. For example, in the UK , cold related mortality is about 20 times 141 
higher than heat related mortality, and will continue to be a cause for concern in future 142 
decades, partly due to an increasing and ageing UK population (Hajatet al. 2014). This 143 
has prompted significant investment in energy efficiency upgrades for around 40% of UK 144 
households to provide the “co-benefits” of reducing the domestic carbon footprint and 145 
fuel poverty alleviation (Dear and McMichael 2011; Liddell and Morris 2010; Thomsonet 146 
al. 2013). Households living in fuel poverty are a major public health priority because fuel 147 
poverty affects up to 34% of European homes (Liddell and Morris 2010; Thomsonet al. 148 
2013). In the UK, it has been estimated that a fifth of excess winter deaths are 149 
attributable to the coldest quarter of homes (Public Health England 2014). Living in cold 150 
homes is associated with a range of physical and mental health effects; and is known as 151 
a risk factor for cardiovascular and respiratory diseases (Barnettet al. 2005; Public Health 152 
England 2014; Sharpeet al. 2015b; Shiue and Shiue 2014). 153 
While the definition of fuel poverty varies (Liddellet al. 2012; Middlemiss 2016; 154 
Moore 2015), it is driven by interactions between household income, the current cost of 155 
energy, the energy efficiency level of the home and resident behaviours (PHE 2014). 156 
Those most vulnerable to living in cold homes include low income households, the very 157 
young, elderly/infirm, and hard to reach populations such as those living in the private 158 
rental sector (Sharpeet al. 2015c; Sharpeet al. 2015d). While lower income households 159 
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are also more likely to live in deprived neighbourhoods with poor and inefficient housing 160 
(further impacts on the ability to adequately heat and ventilate the home) (Committee on 161 
Fuel Poverty 2016), they are also more likely to be supported by fuel poverty policy 162 
interventions and receive funding for energy efficiency measures. This increases the 163 
number of lower income households receiving fabric interventions (e.g. insulation and 164 
new heating systems) when assessed at the area-level (Hamiltonet al. 2014). The impact 165 
of household income is important because those living in fuel poverty have to make stark 166 
choices about heating and ventilating their home by reducing energy use and fuel 167 
consumption (Andersonet al. 2012; Critchley 2007). 168 
Excess cold is considered a category 1 hazard (i.e. poses a serious and 169 
immediate risk to a person's health and safety) by the UK Housing Health and Safety 170 
Rating System (UK Office of the Deputy Prime Minister 2006). Delivering remediation 171 
actions has the potential to significantly improve public health outcomes. In the UK, it has 172 
been estimated that the implementation of fuel poverty interventions could save the UK 173 
National Health Service (NHS) more than £800m per year (Nicolet al. 2015). This 174 
includes household energy efficiency improvements such as sealing homes to prevent 175 
heat loss (e.g. draft proofing, glazing and insulation) and improved heating systems 176 
(Sharpeet al. 2015d). These improvements have the potential to reduce the risk of cold-177 
related illnesses by making homes more affordable to heat (Hodgeset al. 2016; 178 
Maidmentet al. 2014; Powellet al. 2017; Thomsonet al. 2013). 179 
Energy efficiency interventions are continuing without considering the long-term 180 
impacts on health (Bone Aet al. 2010). Previous interventions have resulted in a small 181 
but significant improvement on health (Maidmentet al. 2014). However the evidence is 182 
inconsistent and interventions may have a smaller effect on certain health outcomes 183 
such as respiratory diseases (Maidmentet al. 2014; Thomsonet al. 2013). A larger scale 184 
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natural experimental study of the Warm Homes Nest Scheme evaluated health outcomes 185 
during the winter before and winter following the intervention. The study indicated a 186 
positive effect of intervention on respiratory outcomes, and suggested evidence of 187 
reduced emergency hospital admissions for cardiovascular and respiratory conditions 188 
(Welsh Government 2017).  189 
While this relatively short term follow up can reasonably infer causality for the 190 
immediate impact of the intervention, it does not consider the long term impact of energy 191 
efficiency improvements on health. This is important to consider because of the potential 192 
unintended consequences of reduced ventilation rates from sealing homes to prevent 193 
heat loss and the subsequent impact on indoor air quality (Shrubsoleet al. 2014). 194 
Previous interventions have resulted in short-term improvements in the indoor 195 
environment (Richardsonet al. 2005), but are also thought to increase the risk of asthma 196 
(Sharpeet al. 2015d). These can result from reduced household ventilation rates and 197 
changes in indoor temperatures, relative humidity, and air quality (Shrubsoleet al. 2014). 198 
While household energy efficiency measures can achieve small improvements on health, 199 
these factors may explain some of the inconsistent findings of some prior interventions 200 
(Maidmentet al. 2014). 201 
While increased energy efficiency makes homes more affordable to heat, these 202 
improvements do not eliminate the impact of cold on the lowest income households 203 
(Andersonet al. 2012), or account for variations in resident behaviours when heating or 204 
ventilating the home (Critchley 2007). This is important to consider because fuel poor 205 
households are likely to suffer the impacts of damp and cold regardless of the perception 206 
of the potential health risks, use of ventilation, and the energy efficiency levels (Sharpeet 207 
al. 2015c). Furthermore, understanding the impact of energy efficiency interventions on 208 
health is compounded by prior studies with small sample sizes (Maidmentet al. 2014; 209 
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Thomsonet al. 2001), and the lack of linkages made between built environment and 210 
health data at the population level (Sharpeet al. 2015d). To our knowledge, no study has 211 
assessed the relationship between energy efficiency interventions and health at the 212 
population-level.  213 
In this study, we assessed whether area-level energy home energy efficiency 214 
ratings and improvements across England and Devon in the South West of England were 215 
associated with the risk of hospital admissions for cardiovascular and respiratory 216 
diseases (i.e. counts of hospital admission between April 2011 and March 2014, and 217 
between April 2014 and March 2017, respectively). 218 
2.0 Methodology  219 
This cross sectional ecological study involved two analysis streams with similar 220 
approaches, linking small-area, whole population data on housing energy efficiency and 221 
hospital admissions. The first analyses used data at Lower-layer Super Output Area 222 
(LSOA) level for England; the second used higher resolution postcode level data for one 223 
area of south west England (Devon). Each part of the study was designed to make best 224 
use of available energy efficiency and hospital data as previously described (Sharpeet al. 225 
2018a) (Table 1).  226 
Table 1. Data sets used in data analyses (Sharpeet al. 2018a) 227 
Type of data National analyses Local analyses 
Housing 
characteristics 
The Home Energy Efficiency 
Database (HEED, Energy Saving 
Trust) provided data on household 
energy efficiency measures 
completed between 2007-2014. 
The Devon Home Analytics 
database (Energy Saving 
Trust) provided data on loft 
insulation, glazing, boiler 
replacements, SAP 
(Standard Assessment 
Procedure) Ratings and the 
probability of fuel poverty. 
Energy efficiency Data from Energy Performance 
Certificates (EPCs) provided EPC 
N/A 
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ratings as a measure of energy 
efficiency. 
Health Hospital Episode Statistics (HES) 
were used to derive counts of 
admissions per LSOA, by sex and 
age group for a 3-year period (1st 
April 2011 to 31st March 2014). 
Admissions were selected for 
adults (aged 18+) admitted with 
asthma (ICD-10 codes J45 & J46), 
emphysema & chronic bronchitis, 
Chronic Obstructive Pulmonary 
Disease (COPD, ICD-10 J40-J44) 
and cardiovascular Disease (CVD), 
comprising hypertensive heart 
disease (I11), acute stroke (I60-69) 
& ischemic heart disease 
(excluding chronic) (I20-24) 
Hospital Episode Statistics 
were made available by the 
NHS Northern, Eastern and 
Western Devon Clinical 
Commissioning Group 
(CCG). Emergency 
admissions of adults aged 
18+ for asthma, COPD and 
CVD were extracted for 
three years, 1st April 2014 
to 31st March 2017. 
Population denominators 
were obtained from the 
2011 Census. 
Covariates  Indices of deprivation for 2010 
were obtained from DCLG 
(Department for Communities 
and Local Government 2011). 
 Urban-rural category for each 
LSOA was based on 2001 
Census data (Office for 
National Statistics 2004). 
 Modelled ambient air pollution 
data (Mukhopadhyay and Sahu 
2017) were obtained via the 
MEDMI project1 (Fleminget al. 
2014). Annual averages of 
background concentrations of 
NO2, PM2.5, and ozone were 
obtained for a 1km grid for the 
years 2007-11. 
 Data on long-term average 
weather parameters for the ten-
year period 2006 to 2015 were 
obtained from the Met Office, 
also via the MEDMI platform. 
 Income, employment 
and education 
deprivation scores for 
2011 were obtained 
from the indices of 
deprivation for 2015 
(Department for 
Communities and Local 
Government 2015).  
 Urban-rural category 
(2011 Census) for each 
postcode was also 
extracted from the ONS 
Postcode Directory. 
Tenure and dwelling 
type distributions were 
aggregated to postcode 
level from the Home 
Analytics database.  
 MEDMI was used to 
provide air pollution and 
weather data. 
 228 
Both analyses investigated the association between area-level summaries of 229 
dwelling energy efficiency improvements (e.g. boiler upgrades, improved insulation and 230 
                                                          
1 https://www.data-mashup.org.uk  
Modelling energy efficiency with hospital admissions 
 
11 
 
glazing), as well as energy efficiency ratings (as a measure of the energy performance of 231 
a dwelling) and the risk of hospital admissions for asthma, chronic obstructive pulmonary 232 
disease (COPD) and cardiovascular disease (CVD). Figure 1 outlines the conceptual 233 
framework underpinning the study, hypothesising the relationship between household 234 
energy efficiency levels, indoor exposures, and risk of health effects (adapted from 235 
Sharpeet al. (2015e) and Sharpeet al. (2015d)).  236 
The first stream of analyses involved national (England) household data from the 237 
Household Energy Efficiency Database (HEED) and hospital admission data from 238 
Hospital Episodes Statistics (HES). To explore whether these findings were replicated at 239 
higher spatial resolution we used a novel household-level data set, the Devon Home 240 
Analytics Portal (available for the county of Devon), for a second analysis. In both 241 
analyses, we assessed associations between area average energy efficiency levels and 242 
hospital admission rates. Ethical approval was obtained from the University of Exeter 243 
Medical School Research Ethics Committee (ref FEB17/D/119). 244 
Figure 1 Concept model of energy efficiency & determinants of health adapted 245 
from Sharpeet al. (2015e) and Sharpeet al. (2015d) 246 
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 247 
Key: LSOA – Lower-layer Super Output Areas, HEED – Household Energy Efficiency Database, HDM – house dust mites, 248 
VOCs – volatile organic compounds, COPD – chronic obstructive pulmonary disorder, HES – Hospital Episode Statistics 249 
and NEWCCG - Northern, Eastern and Western Devon Clinical Commissioning Group. 250 
2.1 National energy efficiency data 251 
The Energy Saving Trust’s Household Energy Efficiency Database (HEED) (Hamiltonet 252 
al. 2014; Hamiltonet al. 2013) provides a unique record of energy efficiency installations 253 
that have been implemented across the UK. Records of property attributes (build form, 254 
tenure, age, and fuel type) and installation data pertaining to heating systems, insulation, 255 
glazing, and draft proofing have been collected since 1992. While the counts of energy 256 
efficiency measures are unique (e.g. counts of draft proofing), there is the potential for 257 
multiple interventions per dwelling; this can skew the analyses when aggregating HEED 258 
records.  259 
Duplicates were removed using data stamps associated with each record to 260 
prioritise the data in HEED; and, in any case where a property had multiple records for 261 
the same property attribute, the outdated records were removed. Once this de-262 
duplication was performed at the address-level, the remaining records were then 263 
aggregated to LSOAs. These small areas, designed for the reporting of population 264 
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statistics, have an average population of around 1600. Aggregated data for the following 265 
measures were derived from HEED for all LSOAs in Great Britain between the period 266 
from 2007-2014: 267 
 Loft insulation – count of properties with a record of loft insulation greater than 268 
250mm deep 269 
 Wall insulation – count of properties that were built insulated or had a record of 270 
filled cavities, internal or external wall insulation 271 
 Glazing type – count of properties with a record of fully double-glazed windows 272 
 Draught proofing – count of properties with a record of draught proofing 273 
 Boiler replacement – count of properties with at least one record of a boiler 274 
replacement 275 
 Property age – count of properties built post-1995 276 
Prior studies have used HEED data to describe the uptake rate or prevalence of 277 
household energy efficiency measures (Hamiltonet al. 2014). While these data provide 278 
useful counts of installed measures, it is not possible to calculate rates (i.e. the 279 
percentage of properties in an area with a particular measure installed) because the 280 
database does not hold records for all properties. To calculate counts of HEED measures 281 
as a proportion of the housing stock, the HEED property counts for each LSOA were 282 
divided by the corresponding dwelling counts published by the Office of National 283 
Statistics (ONS) based on the 2011 census. 284 
 285 
Energy Performance Certificates (EPCs) are another national source of dwelling 286 
energy efficiency data. EPCs are based on individual dwelling surveys conducted by 287 
professional assessors carried out any time a property is built, bought or sold, and 288 
provide an overall energy efficiency rating for the property. While they are not included in 289 
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HEED, data from Energy Performance Certificates (EPCs) have recently been made 290 
available by The Ministry of Housing, Communities and Local Government  (The Ministry 291 
of Housing 2017). Data from the currently available EPCs (c. 12.4 million) were 292 
aggregated to LSOAs, to produce a mean and modal EPC rating for each area. 293 
2.2 Devon home analytics database (postcode-level) 294 
As described above, the HEED data are only available at the LSOA-level, which 295 
are still large enough to be relatively heterogeneous in terms of housing conditions. To 296 
overcome this limitation, we used household-level data available from the Energy Saving 297 
Trust Home Analytics (HA) Portal. This was commissioned in 2015 by Devon County 298 
Council, in conjunction with the unitary authorities of Plymouth and Torbay to estimate 299 
building attributes and household energy efficiency characteristics for all properties 300 
across Devon.  301 
HA data were produced by Energy Saving Trust (EST) using data from household 302 
EPCs, historical installation records from HEED, council data, census information, and 303 
address details from the Ordnance Survey, linked using a Unique Property Reference 304 
Number (UPRN). These data were prioritised according to the most current and trusted 305 
information from these data sets (with EPCs being at the top of the hierarchy, followed by 306 
council data and HEED records) and grouped into more common classifications (e.g. 307 
according to the type of insulation). EPCs provided data on approximately 50% of the 308 
housing stock in Devon. In the Devon HA, property attributes and energy efficiency 309 
characteristics of the remaining housing stock were modelled and validated by EST using 310 
a set of geospatial algorithms. Data governance restrictions meant that individual patient-311 
level data could not be linked at the household level and so, the analysis was conducted 312 
at postcode level (domestic, non-commercial postcodes include on average around 15 313 
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households). The HA property data for over 500,000 homes were therefore aggregated 314 
to postcodes: 315 
 Loft insulation: The number of properties within each postcode with at least 316 
250mm deep loft insulation was calculated. Four categories of postcode were 317 
produced: 318 
o All properties in postcode have ≥250mm deep loft insulation 319 
o None of the properties in the postcode have ≥250mm deep loft 320 
insulation 321 
o The postcode contains properties with a mixture of loft insulation levels 322 
above and below 250mm 323 
o All properties within the postcode had no loft (i.e. all flats) 324 
 Wall insulation: in similar form to the loft insulation variable, three categories of 325 
postcode were produced: 326 
o All properties in postcode have insulated walls 327 
o None of the properties in the postcode have insulated walls 328 
o The postcode contains properties with a mixture of insulated and 329 
uninsulated walls 330 
 Glazing:  in similar form, postcodes were classified into 3 categories: 331 
o All properties in postcode double/triple glazed 332 
o All properties single glazed/partial double glazed 333 
o Postcode contains properties with a mixture of glazing 334 
 SAP (Standard Assessment Procedure) Rating: The percentage of properties 335 
within each postcode with higher energy efficient homes with a corresponding 336 
SAP rating of A to C (ranges from A [highest] to G [lowest]).  337 
 338 
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Postcodes containing dwellings with a mixture of characteristics were used as the 339 
reference category in regression models, so that ‘good efficiency’ postcodes where all 340 
dwellings meet the efficiency criterion (e.g. loft insulation ≥250mm deep) and ‘poor 341 
efficiency’ postcodes where none do were compared to ‘mixed’ postcodes. The SAP is 342 
the Government methodology for assessing and comparing the energy and 343 
environmental performance of dwellings; it is the chosen methodology for delivering the 344 
EU performance of the building directive, and used to calculate EPCs. Using SAP data 345 
allowed for comparison with other studies investigating the relationship between 346 
household energy efficiency and health (Kellyet al. 2012; Sharpeet al. 2015d). 347 
2.3 Health outcomes 348 
To link with the national and local data on property characteristics, hospital admission 349 
data relating to cold-related conditions for adults (aged 18+ years) were obtained. 350 
Emergency (i.e. unplanned) inpatient admissions relating to the following outcomes were 351 
included in both analyses:  352 
 Asthma (ICD-10 codes J45 & J46) 353 
 Emphysema & chronic bronchitis, Chronic Obstructive Pulmonary Disease 354 
(COPD, ICD-10 J40-J44) 355 
 Cardiovascular Disease (CVD) comprising: hypertensive heart disease 356 
(I11), acute stroke (I60-69) & ischemic heart disease (excluding chronic) 357 
(I20-24) 358 
Emergency admissions excluded those for planned procedures, but included 359 
patients arriving following immediate referral from primary care, or after attending the 360 
emergency department. In the national analyses, we used admissions data from the 361 
Hospital Episode Statistics (HES), which were obtained from the Health and Social Care 362 
Information Centre (now NHS Digital; see Acknowledgements). Counts of emergency 363 
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admissions per LSOA, by sex and age group for a 3-year period (1st April 2011 to 31st 364 
March 2014) were derived from HES; and a subset of winter admissions (December-365 
February each year) were also aggregated to enable focus on the key risk period for 366 
cold-related admissions. For the local analyses, hospital admission data comparable to 367 
HES were made available by the NHS Northern, Eastern and Western Devon Clinical 368 
Commissioning Group (NEW Devon CCG). Similarly, emergency admissions for asthma, 369 
COPD and CVD were extracted for three years, 1st April 2014 to 31st March 2017. Total 370 
3-year counts of admissions per postcode, by sex and age group, were produced, along 371 
with 3-year winter admission totals.  372 
HES counts ‘episodes’ separately (e.g. a new episode is generated when a patient 373 
is transferred); therefore, in both analyses only admission episodes were included and 374 
episodes generated by a transfer were excluded. Additionally, hospital admission data 375 
can include a large number of subsidiary diagnosis codes capturing comorbidities. In 376 
order to include only those admissions due primarily to the outcomes of interest, 377 
episodes were only included where the diagnosis code of interest appeared in the first or 378 
second diagnosis field.  379 
To assess population rates of admissions at the LSOA and postcode-level, 380 
denominators from the 2011 Census were used. In national analyses, population 381 
denominators for each 2011 LSOA by age and sex were obtained and re-aggregated to 382 
2001 boundaries using the GeoConvert platform (http://geoconvert.mimas.ac.uk), since 383 
admission counts were produced for 2001 Census LSOA boundaries. For the local 384 
analyses, 2011 postcode total populations were also available from the Census, but only 385 
disaggregated by sex. In order to generate estimated postcode populations by sex and 386 
age group for Devon, age/sex distributions were obtained for Census Output Areas 387 
(COA), within which postcodes nest, with a mean of around 10 postcodes per COA. 388 
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Postcode populations were then distributed across age groups according to the 389 
demography of the containing COA. 390 
2.4 Covariates 391 
Complex interactions between a range of genetic and environmental factors 392 
influence the risk of the outcomes of interest (Figure 1) (Sharpeet al. 2014). To account 393 
for this to the extent possible, we adjusted for a range of confounders/covariates in each 394 
analysis. 395 
For the national analysis stream, urban-rural category for each LSOA was based 396 
on 2001 Census data (Office for National Statistics 2004), classifying each 397 
LSOA/postcode as urban, town and fringe or rural. Urban-rural category (2011 Census) 398 
for each postcode was also extracted from the ONS Postcode Directory, again 399 
classifying each as urban, town and fringe, or rural. Census 2011 data on tenure 400 
(percentage of households renting from private or social housing providers) and dwelling 401 
types (percentage of household spaces that were flats) were obtained, and re-402 
aggregated to 2001 LSOA boundaries. For the local analyses, tenure and dwelling type 403 
distributions were aggregated to postcode level from the Home Analytics database.  404 
The Medical and Environmental Data Mash-up Infrastructure (MEDMI) project 405 
connected diverse climate, environment, and human health databases (Fleminget al. 406 
2014).  Ambient air pollution data from MEDMI  were high resolution modelled estimates 407 
based on data from the UK air pollution monitoring network combined with a UK-specific 408 
air quality dispersion model, empirically verified through cross-validation (Mukhopadhyay 409 
and Sahu 2017). Annual averages of background concentrations of NO2, PM2.5, and 410 
ozone were obtained for a 1km grid (for the years 2007-11); and aggregated to the LSOA 411 
boundaries for national analyses and postcode point locations for local analyses. In 412 
addition, long-term average weather parameters (period 2006 to 2015) were obtained 413 
Modelling energy efficiency with hospital admissions 
 
19 
 
from the MEDMI platform. Monthly means of daily temperature; mean monthly 414 
precipitation (geometric mean); minimum winter temperature for the winter (December-415 
February); and mean relative humidity were interpolated to a 5km grid and aggregated to 416 
LSOA boundaries and postcodes using area-weighted interpolation. 417 
To account for the impact of deprivation in the national analyses, the Indices of 418 
Deprivation for 2010 were obtained from the Ministry of Housing Communities & Local 419 
Government (2011). These data provided information about multiple aspects of 420 
deprivation for each LSOA. Seven domains make up a composite Index of Multiple 421 
Deprivation: income; employment; health and disability; education, skills and training; 422 
barriers to housing and services; living environment; and crime. For the purposes of this 423 
study, we used the income, employment and education deprivation scores as key 424 
measures of population socio-economic deprivation that could be related to both 425 
outcome and exposure measures. The three domain metrics are on different scales 426 
according to their source data and construction, but in each case, a higher score reflects 427 
a higher degree of deprivation in that domain for the LSOA population. Similarly, in the 428 
local analyses income, employment and education deprivation scores for 2011 LSOA 429 
boundaries were allocated to postcode point locations using the ONS Postcode Directory 430 
(ONS 2015).  431 
2.5 Data linkage 432 
For the national study, energy efficiency, hospital admission and covariate datasets were 433 
all generated at LSOA-level using 2001 LSOA coding. These datasets could therefore be 434 
linked on a simple 1:1 basis. For the local analyses, in order to maintain confidentiality, 435 
the research team provided Northern, Eastern and Western (NEW) Devon Clinical 436 
Commissioning Group (CCG) with a postcode-level dataset of energy efficiency metrics 437 
and covariates. These were linked to hospital admissions data by CCG staff; and the full, 438 
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linked dataset released to the research team with postcode identifiers removed. Although 439 
de-identified, for data governance purposes, the linked data could not be removed from 440 
the site and were only analysed on CCG computer systems. 441 
2.6 Statistical analysis 442 
The two linked datasets were explored through the production of basic descriptive 443 
statistics and simple bivariate analyses of total counts of hospital admissions across 444 
categories of key variables of interest. Following these initial explorations of the data, the 445 
core statistical analyses involved the development of sequential regression models 446 
testing hypotheses of the generic form: populations living in areas (LSOAs or postcodes) 447 
with higher average home energy efficiency would have lower admission rates for 448 
asthma, COPD or CVD than areas with lower average energy efficiency. Sub-hypotheses 449 
were tested to investigate: 1) whether the association would be stronger when analyses 450 
focused on winter months alone, and 2) whether the association would be stronger in 451 
areas with colder than average temperatures. 452 
The form of the response variables (counts of admissions by area, age group and 453 
sex) suggested that Poisson-type regression models would be most appropriate, with 454 
inclusion of stratum-specific population as an offset. The large number of strata within 455 
each dataset containing zero admissions and exploration of descriptive statistics 456 
indicated the likely presence of over-dispersion in admission counts (variance > mean), 457 
violating the assumptions of Poisson regression models. Therefore, exploratory negative 458 
binomial models were conducted using the Stata ‘nbreg’ command (StataCorp, College 459 
Station). These models permit the comparison of Poisson and negative binomial models 460 
fit to the same data. The alpha test-statistic generated indicated in each case that over-461 
dispersion was indeed present leading to negative binomial regression models being 462 
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applied throughout. The Stata ‘vce(cluster)’ option was specified to allow for age 463 
group/sex strata observations clustered within LSOAs or postcodes. 464 
For both national and local analyses, a common model building approach was 465 
adopted. In each case, a crude model was initially run, investigating the possible 466 
associations between admissions and energy efficiency variables adjusted for age and 467 
sex only. Subsequent models adjusted for potential confounders through the inclusion of 468 
the indices of deprivation, indicators of property and tenure types, urban/rural 469 
classification, air pollution, and weather variables.  470 
Models were run for each of the three health outcomes (asthma, COPD, CVD) as 471 
3-year total admission counts; and then with winter-only admissions to investigate the 472 
first sub-hypothesis. To explore the second sub-hypothesis, interaction tests were carried 473 
out to investigate the presence of effect modification between energy efficiency metrics 474 
and minimum temperature, applying likelihood ratio tests to compare models including 475 
and excluding interaction terms. 476 
 477 
3.0 Results 478 
Results are presented first for the national-level, and subsequently for the local-level 479 
analyses. 480 
3.1 National-level  481 
3.1.1 Descriptive statistics 482 
The total counts and rates of hospital admissions varied considerably by the health 483 
outcome of interest, by age, sex and season for the 3-year period: April 2011 to March 484 
2014. Included in this dataset, there were a total of 312,837 emergency admissions for 485 
asthma, 587,770 for COPD, and 839,416 for CVD. The three winter months accounted 486 
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for 27% of asthma, 30% of COPD, and 25% of CVD admissions. Men accounted for 487 
around 33% of hospital admissions for asthma, around 50% of the admissions for COPD, 488 
and 56% for CVD. For each of the admission count variables, the standard deviation was 489 
between 1.4 and 2.9 times the value of the mean, indicating the presence of over-490 
dispersion, and justifying subsequent exploration using negative binomial models.   491 
Table 2 presents descriptive statistics for energy efficiency metrics and covariates 492 
across the LSOAs. The extent and mixture of household energy efficiency improvements 493 
(loft/wall insulation, glazing, boiler replacement and boiler upgrades) varied considerably 494 
between areas. The mean EPC rating was 62.0 (Standard Deviation 5.2; range 37 to 83).  495 
Table 2. Descriptive statistics for LSOA-level variables 496 
Variable Mean Std Dev Min Max 
Home energy efficiency metrics* 
Loft insulation ≥250mm deep per 100 houses 24.7 10.8 0.0 100.0 
Wall insulation present per 100 houses/flats 2.7 2.8 0.0 72.0 
Full double/triple glazing present per 100 houses/flats 6.6 4.5 0.0 69.5 
Rate of draught proofing measures per 100 houses/flats 31.3 11.6 0.9 91.9 
Rate of boiler replacement measures per 100 houses/flats 0.3 1.1 0.0 60.1 
Mean EPC Rating 62.0 5.2 37.0 83.0 
Indices of Deprivation 2010 
Income deprivation score 0.15 0.11 0.00 0.77 
Employment deprivation score 0.10 0.07 0.00 0.75 
Education deprivation score 21.7 18.8 0.0 99.3 
Tenure/property types 
% Households private rented 16.0 11.4 1.3 87.9 
% Households social rented 17.4 17.3 0.0 92.5 
% Dwellings flats 20.0 22.2 0.0 99.7 
Weather & air pollution 
Minimum winter temperature 2006-15 (C) -4.4 0.8 -7.9 -1.0 
Mean monthly precipitation 2006-15 (mm) 53.3 13.1 32.6 205.3 
Mean relative humidity 2006-15 (%) 81.4 1.7 76.0 88.5 
Mean NO2 2007-11 (ug/m3) 37.8 7.7 21.6 69.0 
Mean ozone 2007-11 (ug/m3) 57.5 6.3 47.5 68.1 
Mean PM2.5 2007-11 (ug/m3) 12.8 0.5 11.0 17.7 
Urban/rural classification (n) 
Urban 26,455     
Town & Fringe 3,081     
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Rural 2,945       
* Measures per 100 dwellings indicate the rate of energy efficiency measures recorded in HEED 2007-497 
2014 with 2011 Census counts as the denominator. 498 
3.1.2 Regression analyses 499 
Figure 2 depicts the rate ratios for hospital admissions associated with a unit increase in 500 
energy efficiency metrics at LSOA-level. Positive associations with asthma admission 501 
rates were observed in crude models for four of the five energy efficiency metrics (loft 502 
insulation, wall insulation, draught proofing and boiler replacement). However, the 503 
associations were completely attenuated in all but one model after adjusting for 504 
covariates. In the fully adjusted model, a percentage point increase in dwellings with 505 
250mm+ deep loft insulation was associated with a 0.4% increase in asthma admissions. 506 
Similar associations were observed between the energy efficiency metrics and 507 
COPD and CVD in the crude models. Loft insulation improvements were positively 508 
associated with a 0.2% and 0.4% significant increase in admission rates for COPD and 509 
CVD, respectively, after adjustment.  However, the results also indicated that areas with 510 
higher levels of boiler replacement and glazing replacement had slightly lower admission 511 
rates for COPD and CVD, respectively. Again, similar patterns were observed between 512 
the energy efficiency metrics and 3-year hospital admission rates during the winter 513 
months. Slightly lower admission rates for asthma and COPD were associated with 514 
double or triple glazing and boiler replacements, respectively. Full model results are 515 
presented in Supplementary Material Table S1. 516 
Figure 2. HEED energy efficiency metric associations with 3-year total hospital 517 
admission rates (England) 518 
Modelling energy efficiency with hospital admissions 
 
24 
 
  519 
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 521 
Note: Rate ratios for a unit increase in: Loft: % dwellings with ≥250mm deep loft insulation; Wall: % 522 
dwellings with wall insulation; Glazing: % dwellings with full double/triple glazing; Draught: draught proofing 523 
measures per 100 dwellings; Boiler: boiler replacement measures per 100 dwellings. 524 
 525 
As described above, EPCs consider the overall energy efficiency rating of a 526 
dwelling. Crude models indicated associations between the higher LSOA mean EPC 527 
ratings and admission rates for asthma, COPD, and CVD. These associations persisted 528 
following adjustment for potential confounders, but were attenuated, with a unit increase 529 
in mean EPC rating associated with increases of around 0.5% in asthma and CVD 530 
admissions, and 1.0% higher COPD admission rates (see Figure 3, and Supplementary 531 
Table S2). 532 
 533 
Figure 3. Energy Performance Certificate (EPC) Rating associations with 3-year total 534 
admission rates (England) 535 
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 536 
In the full models, the associations between admissions and covariates (e.g. age, 537 
sex, socio-economic deprivation) were generally as expected (Supplementary Tables S1 538 
& S2). For example, admission rates for CVD and COPD increased substantially with 539 
age, and tend to be higher in more socio-economically deprived areas. In terms of other 540 
housing characteristics, dwelling type, and tenure status for LSOA housing stock were 541 
associated with admission rates. LSOAs with higher percentages of privately or socially 542 
rented properties tended to have higher admission rates. Whereas LSOAs with a higher 543 
prevalence of flats (versus houses), generally had lower admission rates; potentially due 544 
to differences in ventilation rates and thermal comfort. Rural areas had lower admission 545 
rates than urban areas, which may be a result of improved health in those areas and/or 546 
longer distances to hospitals, which typically impacts negatively on admission rates. 547 
There were mixed findings between the air pollution measures and hospital 548 
admissions, which may be due to multi-collinearity, since the models included air 549 
pollutants strongly correlated with each other (especially PM2.5 and NO2 – see sensitivity 550 
analyses below). Notably, areas with higher minimum winter temperatures were 551 
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associated with lower COPD admission rates (Risk Ratio=0.978 [95% Confidence 552 
Interval= 0.97, 0.98] per 1°C increase). 553 
3.1.3 Sensitivity analyses and effect modification 554 
A range of sensitivity analyses were carried out to explore impacts of model specification 555 
(full results available on request). Restriction to winter admissions only resulted in 556 
negligible changes to rate ratios. Given the potential for multi-collinearity, models 557 
including a single deprivation indicator (income deprivation) and air pollution measure 558 
(NO2) were explored. These also demonstrated negligible impacts on rate ratios for 559 
energy efficiency metrics, as did categorical analysis of quintiles of mean EPC rating and 560 
investigation of modal EPC. Models stratified by urban/rural classification did not indicate 561 
differential associations. 562 
We hypothesised that populations in areas with higher average housing energy 563 
efficiency might be more ‘resilient’ to the adverse impacts of cold winter temperatures 564 
(i.e. that the rate ratio for minimum temperature would be of greater magnitude in LSOAs 565 
with lower mean EPC). Interaction tests suggested effect modification of the minimum 566 
winter temperature association with COPD by quartile of mean EPC rating (p<0.001). 567 
However, models stratified by EPC quartile produced minimum temperature rate ratios 568 
of: Quartile 1 (Q1, lowest average EPC) 0.98; Q2 0.97; Q3 0.98; Q4 0.97. There was 569 
therefore no clear pattern of stronger minimum temperature associations in lower EPC 570 
quartile areas; and in the absence of alternate explanation for the pattern observed, the 571 
significant interaction could be an artefact. 572 
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3.2 Devon analyses at the postcode-level 573 
3.2.1 Descriptive statistics 574 
Despite including 500,000 households with a population of around 900,000 adults for 575 
three years, the total numbers of hospital admissions for the selected conditions were 576 
relatively low when distributed across around 35,000 postcodes across Devon. There 577 
were a total of 933 asthma, 3071 COPD, and 7905 CVD adult emergency admissions 578 
included for analyses. Around half of admissions for asthma (46%) and COPD (50%) 579 
were during the three winter months, while 34% of CVD admissions were during this 580 
colder season. 581 
 Approximately 21% of postcodes included only dwellings with loft insulation 582 
greater than 250mm deep; the level of insulation was mixed within 60% of postcodes, 583 
and in 15% of postcodes all dwellings had <250mm deep loft insulation. Around 14% of 584 
postcodes included only dwellings with wall insulation, and 31% of postcodes included 585 
only dwellings with double/triple window glazing. The aggregated dwelling data indicated 586 
that the mean percentage of dwellings within a postcode with a SAP rating A-C (i.e. 587 
higher energy efficiency bands) is around 23%. In terms of tenure, 20% of households 588 
were rented from private landlords, 3.9% were rented from the local authority and 4.8% 589 
from housing associations. Weather data indicated that this area is somewhat milder, 590 
wetter, and more humid than the English average (Table 3) as would be expected given 591 
its location in the southwest of the country. 592 
 593 
  594 
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Table 3. Descriptive statistics for Devon postcode-level variables 595 
Devon Home Analytics Metrics         
Categorical measures All % Mixed % None % N/A % 
Dwellings in postcode with loft insulation ≥250mm deep 21.5 59.6 14.5 4.4* 
Dwellings in postcode with wall insulation present 14.5 52.4 33.1   
Dwellings in postcode with full double/triple glazing 30.7 62.2 7.1   
Continuous measures Mean Std Dev Min Max 
% Dwellings with SAP Rating A-C 23.1 34.7 0.0 100.0 
Mean probability of fuel poverty 0.24 0.20 0.01 1.00 
Confounders/covariates Mean Std Dev Min Max 
Indices of Deprivation 2015 
Income deprivation score 0.12 0.07 0.02 0.48 
Employment deprivation score 0.11 0.06 0.01 0.42 
Education deprivation score 17.1 12.8 0.8 85.1 
Tenure/property types 
% Households private rented 20.2 35.2 0.0 100.0 
% Households local authority rented 3.9 16.0 0.0 100.0 
% Households housing association rented 4.8 18.2 0.0 100.0 
% Dwellings mid-terraced houses 13.8 23.0 0.0 100.0 
% Dwellings semi-detached houses 28.9 31.5 0.0 100.0 
% Dwellings detached houses 38.8 40.6 0.0 100.0 
% Dwellings flats 18.6 31.8 0.0 100.0 
Weather & air pollution 
Minimum winter temperature 2006-15 (C) -3.0 0.5 -4.6 -1.5 
Mean monthly precipitation 2006-15 (mm) 77.4 15.0 54.5 169.6 
Mean relative humidity 2006-15 (%) 84.6 1.3 81.0 88.9 
Mean NO2 2007-11 (ug/m3) 25.3 8.6 17.3 61.8 
Mean ozone 2007-11 (ug/m3) 62.0 5.1 50.9 66.0 
Mean PM2.5 2007-11 (ug/m3) 12.5 0.5 11.3 13.3 
Urban/rural classification (n) 
Urban 18,150     
Town & Fringe 6,047     
Rural 11,426       
* Figures indicate the percentage of postcodes in each category; 4.4% of postcodes had no dwellings with lofts 596 
 597 
3.2.2 Regression analyses at the postcode-level 598 
There were no associations between loft insulation, wall insulation or glazing and asthma 599 
admissions in both the crude and adjusted models (see Supplementary Figure S1); the 600 
relatively low numbers of admissions resulted in very wide confidence intervals around 601 
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rate ratios. There was some indication that a greater extent of loft insulation was 602 
associated with higher admissions for both COPD and CVD in adjusted models. There 603 
was also a suggestion that areas with fewer wall insulated homes had lower CVD 604 
admission rates in both crude and adjusted models. There was a suggestion that all 605 
insulated dwellings in an area increased CVD hospital admissions; however, confidence 606 
intervals crossed unity in the adjusted model.  607 
Mixed findings were also observed in the models for postcodes with more 608 
dwellings having a SAP rating of A to C and total hospital admission rates (see 609 
Supplementary Table S3). There were no associations between the increasing number of 610 
properties with SAP rating of A-C and asthma admissions. However, there is some 611 
evidence that postcodes with more dwellings SAP rated A-C had higher admission rates 612 
for COPD and CVD, although the associations were attenuated in the adjusted models. 613 
Regression of admission rates against the probability of fuel poverty demonstrated 614 
no clear pattern of associations (see Supplementary Table S4). There was, however, an 615 
inverse association with CVD admissions, indicating that postcodes containing 616 
households with a higher mean probability of fuel poverty had lower CVD admission 617 
rates. 618 
4.0 Discussion 619 
This cross sectional ecological study highlighted the complexity in investigating the 620 
relationships between health and housing at the population-level using ‘big data’ 621 
approaches. While the study design prevents the ability to assess potential causal 622 
pathways, we found some evidence at the national and local level that higher hospital 623 
admission rates were found in areas where average household energy efficiency levels 624 
were greater. For example, there was some evidence of around a 0.5 to 1.0% increase in 625 
hospital admission rates for asthma, COPD, and CVD. A similar trend was observed in 626 
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the Devon analyses where higher average SAP rating (i.e. higher % properties rated A-627 
C) at the postcode-level were associated with increased admission rates for asthma, 628 
COPD and CVD. However, these associations were attenuated in the adjusted model 629 
due to a relatively small number of hospital admissions. 630 
4.1 Synthesis with existing knowledge 631 
The relationship between the built environment and human health is complex and 632 
possibly contributes to our mixed findings. Resultant health outcomes are modified by 633 
complex interactions between diverse direct and indirect factors such as a range of 634 
individual behaviours, socio-cultural factors, and changes in the built and natural 635 
environments (Sharpeet al. 2018b). The potential health effects of these household 636 
interventions, changes in ambient air temperature, fuel poverty/resident behaviours, 637 
indoor air quality, and the variability of energy efficiency measures are discussed further 638 
in the following sections. 639 
4.1.1 Health benefits of household energy efficiency interventions 640 
Living in fuel poverty is a distinct societal challenge, which poses a significant risk to the 641 
physical and mental health of those living in cold homes (Liddell and Morris 2010). For 642 
this reason, fuel poverty policies and the promotion of energy efficiency improvements 643 
must be supported to deliver the co-benefits of meeting carbon reduction and fuel 644 
poverty alleviation targets. Our study further supports the need to shift away from prior 645 
energy efficiency policies that have led to the implementation of interventions that fail to 646 
account for whole house approaches (discussed below). This includes those that account 647 
for changes in resident behaviours/lifestyles and the entire property, which includes the 648 
consideration of improved insulation, heating and ventilation (i.e. more holistic 649 
approaches) (Sharpeet al. 2018b). Evidence from the US supports the  uptake of more 650 
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sustainable green building programmes that can reduce energy use/cost, carbon 651 
emissions, reduce hospital admissions, and lost work and school days; pursuing these 652 
approaches provides an important and previously unquantified societal value 653 
(MacNaughtonet al. 2018). For individual households, energy efficiency measures (with 654 
external wall insulation being the most effective) make homes more affordable to heat 655 
and thus improve the thermal comfort of homes (i.e. achieving the recommended indoor 656 
temperature of 18-24oC) and reduce daily gas use by up to 37% (Poortingaet al. 2017).  657 
It is generally accepted that home improvements in terms of draft proofing and 658 
making homes more affordable to heat can reduce cold-related winter illnesses. While 659 
there are some mixed findings, household energy efficiency improvements can on 660 
average have a small but positive effect on improving resident health. The greatest 661 
health gains may be delivered by targeting more vulnerable populations susceptible to 662 
cold homes (Maidmentet al. 2014; Thomsonet al. 2013). In a previous health impact 663 
modelling study, household energy efficiency interventions improved health through 664 
reduced exposure to cold and indoor air pollutants if delivered alongside improved 665 
ventilation (Hamiltonet al. 2015). Drawing from studies from New Zealand, well-designed 666 
randomised controlled trials involving a range of energy efficiency measures have shown 667 
consistent improvements in resident health. Although this was not consistent across all of 668 
the health outcomes measured (Howden-Chapmanet al. 2011; Howden-Chapmanet al. 669 
2007; Howden-Chapmanet al. 2008); and it is not clear how generalizable these findings 670 
are to UK housing stock. 671 
Improvements including improved insulation and heating upgrades in fuel poor 672 
homes across Wales have been found to reduce respiratory related general practitioner 673 
visits and hospital admissions relating to respiratory and cardiovascular events, although 674 
the effect did not reach the level of statistical significance due to the small number of 675 
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admissions (Welsh Government 2017). Due to the study design, this Welsh study did not 676 
account for long-term changes in health status, which is an important factor to consider. 677 
Similarly, another retrospective study in Carmarthenshire, UK also found that hospital 678 
admissions could be avoided through home improvements, which included interventions 679 
such as upgrading electrical systems, and improved windows, doors and insulation. 680 
However, upgrading heating systems, loft insulation, kitchens, and bathrooms had no 681 
effect on hospital admissions (Rodgerset al. 2018). Another study found no associations 682 
between improving the energy performance of homes and emergency hospital 683 
admissions (Poortingaet al. 2018).  684 
This demonstrates that different interventions can influence the health outcomes 685 
of interest, which is evident in our study and others (Maidmentet al. 2014). However, it is 686 
important to consider the potential impact of different study designs, exposure and case 687 
definitions and treatment of diverse confounders. While there are overwhelming benefits 688 
resulting from well-designed energy efficiency interventions, there is the potential for a 689 
range of modifiable risk factors and unintended consequences (Shrubsoleet al. 2014). 690 
These can result from changes in ambient air temperature, the severity of fuel poverty, 691 
impacts on indoor air quality and health, and variability of energy efficiency measures 692 
described below. 693 
4.1.2 Changes in ambient air temperature 694 
A further explanation to our findings may be due to differences in minimum 695 
temperatures and energy efficiency levels. We found that areas with higher minimum 696 
winter temperatures tended to have lower COPD admissions. Minimum ambient air 697 
temperatures have been previously found to increase of cardio-respiratory outcomes 698 
(Baiet al. 2017; Conget al. 2017; Phunget al. 2016), which vary by locality and country 699 
(Guoet al. 2014; Guoet al. 2016). However, we found no association between lower 700 
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minimum temperatures with either asthma or CVD admission rates. Furthermore, the 701 
relationship between minimum winter temperatures, energy efficiency levels and 702 
admission rates did not change in our effect modification analyses. Despite these 703 
findings, it is thought that fuel poverty interventions will play a key role in reducing cold-704 
related mortality and morbidity (Hajat 2017). 705 
4.1.3 Fuel poverty and resident behaviours 706 
Equally, it is also possible that some interventions can have a detrimental effect 707 
on health (Maidmentet al. 2014; Sharpeet al. 2015d) in some populations. The resultant 708 
impact of health may be a result of overall poverty and low social economic status, which 709 
is compounded by an inability to adequately heat and ventilate the home. Due to the cost 710 
of living (Committee on Climate Change 2017), energy efficiency improvements may not 711 
eliminate the risk of cold on the lowest income households (Andersonet al. 2012) nor 712 
take full account of resident behaviours, risk perception and choices when heating and 713 
ventilating the home (Critchleyet al. 2007; Sharpeet al. 2015c). Therefore, the potential 714 
benefits of fuel poverty alleviation programmes could be overshadowed by rising energy 715 
prices (Howden-Chapmanet al. 2012). Consequently, some households may continue to 716 
ration their heating, despite home improvements (Lomax and Wedderburn 2009).  717 
This means that some home improvements may not help the most fuel poor avoid 718 
the potential impact of living in cold and damp homes. Homes receiving energy efficiency 719 
interventions may continue to experience problems with mould contamination 720 
(Richardsonet al. 2005), regardless of occupant risk perception of the potential health 721 
impacts, heating and ventilation practices and energy efficiency levels (Sharpeet al. 722 
2015c). Resultant cold homes and associated indoor air pollutants such as mould 723 
contamination (and associated air pollutants) can lead to a range of adverse health 724 
effects (Fisket al. 2010; Fisket al. 2007; Quansahet al. 2012; Sharpeet al. 2015a). 725 
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4.1.4 Impacts on indoor air quality and health 726 
Despite the good intentions of the Government and activities of responsible 727 
companies, there are concerns over the poor quality of household energy efficiency 728 
installations (Bonfield 2016). Poorly designed and implemented energy efficiency 729 
upgrades means that household ventilation rates may be significantly reduced, which can 730 
be further compounded by resident behaviours (as discussed above). Despite some 731 
inconsistent evidence (Freyet al. 2015), this can lead to reduced air quality (Howieson 732 
2014), and result in, for example, increased exposures to indoor pollutants such as radon 733 
(Milneret al. 2014; Symonds 2019), carbon monoxide (Pigget al. 2017), nitrogen 734 
dioxide/nitrogen oxides and formaldehyde (Coombset al. 2016). The impact on air quality 735 
can lead to poorer physical and psychosocial health outcomes (Greyet al. 2017a; 736 
Milneret al. 2014; Sharpeet al. 2015d). This is important to consider because the majority 737 
of age groups spend between 70%-80% or more of their time indoors (Lavergea Jet al. 738 
2011), which increases in the very young and the elderly (Briggset al. 2003).  739 
Resultant health outcomes are likely to be dependent on occupant lifestyles, 740 
changes in ventilation patterns (i.e. resident behaviours), the type of building, and 741 
interactions between indoor and outdoor sources of air pollutants (Coombset al. 2016; 742 
Daset al. 2013; Tayloret al. 2016), Other factors include different disease phenotypes or 743 
endotypes (Lötvallet al. 2011) and/or the ability of patients to self-manage these chronic 744 
diseases (Morellet al. 2014; Mosnaimet al. 2016). Another important factor that could 745 
further explain our findings is the variability and/or quality of building/energy improvement 746 
measures installed across England.  747 
4.1.5 Variability of energy efficiency measures 748 
Prior fuel poverty policies have targeted more vulnerable populations such as low income 749 
households or those vulnerable to cold, which may explain an increase in hospital 750 
Modelling energy efficiency with hospital admissions 
 
36 
 
admission rates in areas of greater energy efficiency levels. In terms of variability in 751 
measures, these are likely to differ in terms of the quality and maintenance of homes 752 
improvements, as well as the consistency of measures being installed. Building on prior 753 
studies (Richardsonet al. 2005; Sharpeet al. 2015d; Shrubsoleet al. 2014), our findings 754 
contribute to the increasing literature in this area suggesting negative outcomes, which 755 
may be due to a lack of ‘whole house’ approaches (i.e. interventions that consider the 756 
performance of the whole house and resident behaviours) (Sharpeet al. 2018b). For 757 
example, installing single energy efficiency measures such as glazing or insulation or 758 
heating alone may not improve the indoor environment and subsequent health outcomes, 759 
observed by Maidmentet al. (2014) and Rodgerset al. (2018).  760 
Other factors to consider are the impact of tenure and motivations for improving 761 
and maintaining home energy efficiency measures. While those living in social housing 762 
generally experience higher quality housing when compared to other tenures (e.g. due to 763 
decent homes standard) (Sharpeet al. 2015d), the uptake of measures within the home 764 
owner sector depends on diverse economic, social and environmental motivations 765 
(Organet al. 2013). Furthermore, our population-level approach may also conceal the 766 
benefits experienced by more vulnerable populations such as those with a chronic 767 
respiratory disease (Thomsonet al. 2009; Thomsonet al. 2013) and/or those living in 768 
older buildings (i.e. those in most need) (Howden-Chapmanet al. 2011) for example. 769 
Further investigations are also needed to explore how changes in household energy 770 
efficiency influence and modify indoor air quality and how this in turn impacts the health 771 
of residents. This should include an assessment of other potential sources of indoor air 772 
pollutants (Royal Colleage of Physicians 2016) that could further modify indoor air quality 773 
and resultant health outcomes. Including an improved understanding into the complex 774 
and overlapping risks associated with diverse biological allergens (Sharpeet al. 2015e), 775 
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other physical (particulates) and chemical (e.g. nitrogen dioxide) agents. These need to 776 
be put into context with variable resident behaviours, heating and ventilation patterns, 777 
which modify exposure to these indoor air pollutants (Sharpeet al. 2018b). 778 
4.2 Limitations 779 
This population-level study enabled us to explore the relationship between changes in 780 
household energy efficiency levels and health. We utilised prior energy efficiency and 781 
health metrics such as SAP/EPC ratings and HES (respectively), which have been 782 
previously used (Donaldson and Wedzicha 2006; Sharpeet al. 2015d). However, there 783 
has been some confusion with the use and quality of energy efficiency metrics such as 784 
EPCs in building sector (Jenkinset al. 2017; Pérez-Lombardet al. 2009). Also, these are 785 
unable to account for day-to-day changes in energy performance, which is modified by 786 
resident behaviours (Sharpeet al. 2015d). We accounted for hospital admission 787 
diagnosis codes which appeared in the first or second diagnosis field, which could 788 
potentially result in an underestimate of admissions where the condition of interest 789 
appears in a subsequent diagnosis field. However, this is unlikely to be a significant 790 
source of error, and by focussing on asthma, COPD and CVD as primary reasons for 791 
hospitalisation means that we avoid including admissions where these conditions are 792 
comorbidities or sequelae. 793 
Further limitations include the study’s ecological study design and the ‘ecological 794 
fallacy’ (Savitz 2012), which assumes that exposures assigned on the population-level 795 
apply to an individual. There is also the potential for chance findings due to the large 796 
sample sizes and number of statistical analyses conducted to explore our hypotheses. 797 
The cross-sectional nature of the study means that we cannot assess the temporal 798 
sequence of exposures (home energy efficiency changes) and health outcomes. 799 
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As described above, our findings may have been influenced by reverse causality 800 
(i.e. those vulnerable to cold and ill may be more likely to receive fuel poverty 801 
interventions). Whilst accounting for ambient environmental conditions, these were based 802 
on modelled data sets, which can also include an element of error. For example air 803 
pollution data were based on well-validated models, but even still at 1x1km resolution will 804 
miss the fine spatial variability of pollution concentrations (e.g. those close to busy 805 
roads); in this case exposure estimation error is likely to be greater for high resolution 806 
local analyses relative to lower resolution national analyses. 807 
As is common with this type of observational study, especially in the local 808 
analyses that depend partly on modelled estimates of housing energy efficiency, it is  809 
likely that there is a degree of misclassification of the exposures of interest. This may 810 
have led to bias in the measured associations between exposures and outcomes, most 811 
likely toward the null if misclassification is non-differential. Potential misclassification 812 
arises through both exposure estimation error (e.g. since efficiency metrics for the local 813 
study are partially based on modelled values) and through inconsistency in the 814 
timescales of data. The exposure variables used varied from those used in other data 815 
sets such as the English Housing Survey (Hamiltonet al. 2014), which could result from 816 
differences in definitions used, type of sampling stratification, collection/recording 817 
methodologies, and missing records (Hamiltonet al. 2014).  818 
Using aggregated data sets makes it difficult to control for individual confounding 819 
factors such as those associated with smoking status, weight, and or ethnicity, which are 820 
known to influence cardio-respiratory outcomes. Due to the nature of the housing data 821 
sets, we were unable to account for other potential confounders such as the interaction 822 
between emissions from cooking and heating appliances and/or the interaction with 823 
variable heating and ventilation patterns. We were also unable to fully account for the 824 
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proximity of the home to the hospital, which can influence admission rates. Also, the HA 825 
modelled the energy efficiency measures across around 50% of the housing stock across 826 
Devon, which may contribute to some of the mixed findings. 827 
4.3 Study implication 828 
As indicated above, our study builds on existing evidence in the support of delivering 829 
more sustainable housing interventions that take a more ‘whole house’ approach are 830 
urgently needed to avoid the potential short-term benefits and unintended consequences 831 
of some energy efficiency programmes (Sharpeet al. 2018b). Future research needs to 832 
take a more holistic approach to delivering healthier indoor environments, which consider 833 
a dynamic and complex system with multiple interactions between a range of factors. 834 
These need to consider: the bio-psycho-social aspects of health; the complex interaction 835 
between resident behaviours and the built environment; the impacts of climate change; 836 
and the adopted energy efficiency measures and indoor environments (Vardoulakiset al. 837 
2015; Wierzbickaet al. 2018). Future interventions should draw from international best 838 
practices that consider changes in the built environment and resident behaviours.  839 
Some positive examples include the ‘Green public housing’ or ‘Healthy Homes’ 840 
initiatives (Breysseet al. 2011; Coltonet al. 2015), but these need to be put into context 841 
with the built environment and resident behaviours in the UK. Those that consider the 842 
behavioural and physical environments have led to demonstrated improved overall 843 
health, asthma, and non-asthma respiratory symptoms (Breysseet al. 2011).  844 
Therefore, well-designed salutogenic improvements to household energy 845 
efficiency that consider resident behaviours and greater ventilation rates (with heat 846 
recovery and heating systems) such as those in the US ASHRAE standard (Franciscoet 847 
al. 2017) have the potential to improve long-term health outcomes. Importantly, these 848 
must account for residents ability and willingness to pay for heating and be delivered 849 
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alongside resident training (Sharpeet al. 2015d), community engagement (Greyet al. 850 
2017b) and improved awareness among housing and health practitioners (Mc 851 
Conalogueet al. 2016) to achieve more sustainable housing interventions. Furthermore, 852 
the development of improved area-based targeting tools may help to identify and target 853 
those most in need of energy efficiency improvements (Walkeret al. 2014). 854 
5.0 Conclusion 855 
In this population-level study, we found some evidence that higher average area-level 856 
energy efficiency ratings were associated with a small but statistically significant increase 857 
in hospital admission rates. While this is in contrast to our original hypothesis, it is 858 
important to consider that some of the findings showed attenuated effects after 859 
adjustment. Furthermore, our analyses across the local analyses do not necessarily 860 
support this conclusion, highlighting the complexity in modelling investigating links 861 
between changes in the built environment and human health. There are some 862 
suggestions in our findings of positive impacts on health outcomes of boiler 863 
replacements, which have the potential to improve energy efficiency and home warmth 864 
without ventilation penalty. The inconsistency these findings and limitations of the 865 
ecological design further supports the need for more complex modelling and/or larger 866 
natural experiments at the household and individual-level. This requires improved data 867 
sharing and information governance of large population-level data sets; improved fiscal 868 
incentives (e.g. flexible eligibility criteria); and the targeting of more vulnerable 869 
populations who may benefit most from home improvements. Despite the limitations of 870 
this study, it is consistent with evidence indicating a need for energy efficiency measures 871 
to be put in place in a truly sustainable way. A more holistic and ‘whole house’ approach 872 
needs to be taken that considers the physical built environment, communities, variable 873 
cultures, lifestyles, and resident behaviours.  874 
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Supplementary Material 
Full regression model results 
Table S1. National: Hospital admissions (3-year totals) and energy efficiency measures: full model results 
(n=31,481 LSOAs) 
  Total asthma admissions Total COPD admissions Total CVD admissions 
  RR 95% CI p RR 95% CI p RR 95% CI p 
Loft insulation a 1.004 [1.004,1.005] <0.001 1.002 [1.001,1.003] <0.001 1.004 [1.003,1.004] <0.001 
Wall insulation b 1.000 [0.998,1.002] 0.798 1.002 [0.999,1.004] 0.155 0.999 [0.998,1.001] 0.356 
Full double/triple 
glazing c 
0.999 [0.997,1.000] 0.128 0.999 [0.998,1.001] 0.476 0.999 [0.998,1.000] 0.011 
Rate of draught 
proofing measures d 
1.000 [0.999,1.001] 0.814 1.002 [1.002,1.003] <0.001 1.000 [1.000,1.001] 0.282 
Rate of boiler 
replacement 
measures e 
0.998 [0.994,1.002] 0.398 0.992 [0.987,0.996] 0.001 1.000 [0.996,1.004] 0.935 
Age group 18-29 1.505 [1.477,1.534] <0.001 0.005 [0.004,0.005] <0.001 0.012 [0.011,0.012] <0.001 
30-44 1.284 [1.261,1.307] <0.001 0.028 [0.027,0.030] <0.001 0.089 [0.087,0.090] <0.001 
45-59 1.191 [1.171,1.212] <0.001 0.244 [0.240,0.249] <0.001 0.471 [0.467,0.476] <0.001 
60-69 1.000 Ref  1.000 Ref  1.000 Ref  
70-79 1.367 [1.338,1.396] <0.001 2.183 [2.152,2.214] <0.001 2.056 [2.038,2.073] <0.001 
80-89 1.826 [1.786,1.867] <0.001 3.452 [3.400,3.504] <0.001 4.015 [3.978,4.051] <0.001 
90+ 2.202 [2.126,2.282] <0.001 3.489 [3.408,3.571] <0.001 6.430 [6.350,6.512] <0.001 
Male 1.000 Ref  1.000 Ref  1.000 Ref  
Female 1.874 [1.853,1.894] <0.001 0.776 [0.768,0.785] <0.001 0.605 [0.601,0.608] <0.001 
Income deprivation 
score 
4.716 [3.964,5.612] <0.001 0.733 [0.609,0.883] 0.001 3.536 [3.157,3.961] <0.001 
Employment 
deprivation score 
1.321 [1.048,1.666] 0.019 14.595 [11.437,18.625] <0.001 1.514 [1.296,1.768] <0.001 
Education deprivation 
score 
1.003 [1.002,1.004] <0.001 1.009 [1.008,1.010] <0.001 1.003 [1.002,1.003] <0.001 
% properties private 
rented 
1.004 [1.003,1.005] <0.001 1.013 [1.012,1.014] <0.001 1.005 [1.004,1.005] <0.001 
% properties social 
rented 
1.003 [1.002,1.003] <0.001 1.014 [1.013,1.015] <0.001 1.001 [1.001,1.002] <0.001 
% flats (of all 
dwellings) 
0.997 [0.997,0.998] <0.001 0.997 [0.996,0.998] <0.001 0.998 [0.997,0.998] <0.001 
Urban 1.000 Ref  1.000 Ref  1.000 Ref  
Town & Fringe 0.954 [0.934,0.974] <0.001 0.968 [0.946,0.990] 0.006 0.994 [0.981,1.007] 0.342 
Rural 0.896 [0.873,0.919] <0.001 0.848 [0.825,0.871] <0.001 0.936 [0.923,0.950] <0.001 
Minimum winter 
temp C 
1.005 [0.998,1.013] 0.164 0.977 [0.969,0.984] <0.001 1.000 [0.995,1.004] 0.899 
Mean monthly 
precipitation mm 
1.003 [1.002,1.003] <0.001 1.001 [1.001,1.002] <0.001 1.002 [1.002,1.003] <0.001 
Mean relative 
humidity % 
0.989 [0.984,0.994] <0.001 1.006 [1.001,1.011] 0.026 1.000 [0.997,1.003] 0.95 
Mean NO2 (ug/m3) 1.002 [1.000,1.004] 0.104 1.001 [0.999,1.003] 0.35 0.999 [0.998,1.000] 0.228 
Mean O3 (ug/m3) 1.004 [1.001,1.007] 0.003 0.992 [0.989,0.995] <0.001 0.999 [0.998,1.001] 0.367 
Mean PM2.5 (ug/m3) 0.946 [0.928,0.965] <0.001 0.967 [0.949,0.987] 0.001 0.940 [0.930,0.951] <0.001 
a. ≥250mm deep loft insulation per 100 dwellings; b. Wall insulation per 100 dwellings; c. Full double/triple glazing per 100 
dwellings; d. Measures per 100 dwellings; e. Measures per 100 dwellings. 
RR: Rate Ratio; CI: Confidence Interval; p: p-value 
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Table S2. National: Hospital admissions (3-year totals) and mean LSOA Energy Performance Certificate 
Rating: full model results (n=31,481 LSOAs) 
  Total asthma admissions Total COPD admissions Total CVD admissions 
  RR 95% CI p RR 95% CI p RR 95% CI p 
LSOA mean EPC Rating 1.005 [1.004,1.006] <0.001 1.011 [1.010,1.013] <0.001 1.006 [1.005,1.007] <0.001 
Age group 18-29 1.500 [1.471,1.529] <0.001 0.005 [0.004,0.005] <0.001 0.012 [0.011,0.012] <0.001 
30-44 1.280 [1.257,1.303] <0.001 0.028 [0.027,0.029] <0.001 0.088 [0.087,0.090] <0.001 
45-59 1.190 [1.169,1.211] <0.001 0.244 [0.240,0.249] <0.001 0.471 [0.466,0.475] <0.001 
60-69 1.000 Ref  1.000 Ref  1.000 Ref  
70-79 1.368 [1.339,1.397] <0.001 2.183 [2.153,2.214] <0.001 2.056 [2.039,2.074] <0.001 
80-89 1.828 [1.788,1.869] <0.001 3.451 [3.400,3.504] <0.001 4.017 [3.981,4.054] <0.001 
90+ 2.205 [2.128,2.284] <0.001 3.491 [3.411,3.574] <0.001 6.438 [6.357,6.520] <0.001 
Male 1.000 Ref  1.000 Ref  1.000 Ref  
Female 1.874 [1.853,1.894] <0.001 0.775 [0.767,0.784] <0.001 0.604 [0.601,0.608] <0.001 
Income deprivation score 5.356 [4.478,6.406] <0.001 0.802 [0.668,0.963] 0.018 4.061 [3.621,4.554] <0.001 
Employment deprivation 
score 1.521 [1.206,1.918] <0.001 17.353 [13.597,22.148] <0.001 1.736 [1.484,2.032] <0.001 
Education deprivation score 1.003 [1.002,1.004] <0.001 1.009 [1.008,1.009] <0.001 1.003 [1.002,1.003] <0.001 
% properties private rented 1.003 [1.002,1.004] <0.001 1.013 [1.012,1.014] <0.001 1.004 [1.004,1.005] <0.001 
% properties social rented 1.001 [1.000,1.002] 0.003 1.013 [1.012,1.014] <0.001 1.000 [0.999,1.001] 0.880 
% flats (of all dwellings) 0.997 [0.996,0.997] <0.001 0.996 [0.995,0.997] <0.001 0.997 [0.997,0.998] <0.001 
Urban 1.000 Ref  1.000 Ref  1.000 Ref  
Town & Fringe 0.952 [0.932,0.973] <0.001 0.969 [0.947,0.992] 0.008 0.994 [0.981,1.007] 0.369 
Rural 0.902 [0.878,0.927] <0.001 0.881 [0.856,0.906] <0.001 0.954 [0.939,0.968] <0.001 
Minimum winter temp C 1.003 [0.996,1.011] 0.386 0.978 [0.970,0.986] <0.001 0.998 [0.994,1.002] 0.372 
Mean monthly precipitation 
mm 1.003 [1.002,1.003] <0.001 1.002 [1.001,1.002] <0.001 1.002 [1.002,1.003] <0.001 
Mean relative humidity % 0.994 [0.989,0.999] 0.029 1.011 [1.005,1.016] <0.001 1.005 [1.002,1.008] 0.001 
Mean NO2 (ug/m3) 1.001 [1.000,1.003] 0.142 1.001 [0.999,1.003] 0.523 0.999 [0.998,1.000] 0.096 
Mean O3 (ug/m3) 1.003 [1.001,1.006] 0.012 0.990 [0.987,0.993] <0.001 0.998 [0.997,1.000] 0.044 
Mean PM2.5 (ug/m3) 0.928 [0.911,0.946] <0.001 0.957 [0.939,0.976] <0.001 0.926 [0.916,0.936] <0.001 
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Table S3. Local: Hospital admissions and SAP Rating model results (n=35,623 postcodes) 
Total 3 year admissions Crude model Fully adjusted model 
Postcode % SAP ABC RR 95% CI p RR 95% CI p 
Asthma             
0-<0.25 1.000 Ref  1.000 Ref   
0.25-<0.50 1.396 [0.91, 2.13] 0.123 1.279 [0.85, 1.91] 0.232 
0.50-<0.75 1.157 [0.82, 1.64] 0.413 1.033 [0.74, 1.44] 0.847 
0.75-1.00 1.207 [0.92, 1.58] 0.172 0.896 [0.67, 1.19] 0.453 
COPD             
0-<0.25 1.000 Ref  1.000 Ref   
0.25-<0.50 1.596 [1.21, 2.11] 0.001 1.137 [0.87, 1.49] 0.348 
0.50-<0.75 1.541 [1.22, 1.94] <0.001 0.939 [0.74, 1.19] 0.608 
0.75-1.00 2.161 [1.83, 2.55] <0.001 0.878 [0.73, 1.06] 0.175 
CVD             
0-<0.25 1.000 Ref  1.000 Ref   
0.25-<0.50 0.964 [0.85, 1.09] 0.567 0.892 [0.79, 1.01] 0.063 
0.50-<0.75 1.163 [1.04, 1.30] 0.009 1.046 [0.93, 1.17] 0.438 
0.75-1.00 1.356 [1.25, 1.47] <0.001 1.053 [0.97, 1.15] 0.244 
 
Table S4. Local: Hospital admissions and probability of fuel poverty model results (n=35,623 postcodes) 
Total 3 year admissions Crude model Fully adjusted model 
Postcode mean fuel poverty 
probability RR 95% CI p RR 95% CI p 
Asthma             
0-<0.25 1.000 Ref  1.000 Ref   
0.25-<0.50 1.141 [0.68, 1.91] 0.616 1.056 [0.72, 1.55] 0.780 
0.50-<0.75 0.793 [0.47, 1.34] 0.386 0.701 [0.38, 1.28] 0.246 
0.75-1.00 0.753 [0.26, 2.18] 0.601 0.635 [0.22, 1.81] 0.395 
COPD             
0-<0.25 1.000 Ref  1.000 Ref   
0.25-<0.50 0.684 [0.55, 0.85] 0.001 0.938 [0.75, 1.18] 0.583 
0.50-<0.75 0.610 [0.42, 0.88] 0.009 0.958 [0.65, 1.42] 0.831 
0.75-1.00 0.756 [0.42, 1.35] 0.347 1.255 [0.71, 2.23] 0.438 
CVD             
0-<0.25 1.000 Ref  1.000 Ref   
0.25-<0.50 0.940 [0.87, 1.02] 0.141 0.919 [0.84, 1.01] 0.085 
0.50-<0.75 0.835 [0.72, 0.96] 0.014 0.771 [0.66, 0.90] 0.001 
0.75-1.00 0.800 [0.61, 1.05] 0.102 0.714 [0.54, 0.95] 0.019 
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Figure S1 energy efficiency metric associations with 3-year total hospital admission rates (Devon) 
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Low: None of the dwellings in the postcode have the efficiency measure in place; High: All of 
the dwellings in the postcode have the efficiency measure in place; Mixed: A mixture of 
dwellings with/without the efficiency measure within the postcode. 
 
